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In the distribution of quantum states over a long distance, not only are quantum states corrupted
by interactions with an environment but also a measurement setting should be re-aligned such that
detection events can be ensured for the resulting states. In this work, we present measurement-
protected quantum key distribution where a measurement is protected against the interactions
quantum states experience during the transmission, without the verification of a channel. As a result,
a receiver does not have to revise the measurement that has been prepared in a noiseless scenario
since it would remain ever optimal. The measurement protection is achieved by applications of local
unitary transformations before and after the transmission, that leads to a supermap transforming
an arbitrary channel to a depolarization one. An experimental demonstration is presented with
the polarization encoding on photonic qubits. It is shown that the security bounds for prepare-
and-measure protocols can be improved, for instance, errors up to 20.7% can be tolerated in the
Bennett-Brassard 1984 protocol.
Recent advances in quantum communication tech-
nologies have successfully demonstrated the distribution
of quantum states over a long distance, such as the
quantum-enabled satellite [1–3], an airborne platform [4]
and submarine telecommunication fiber [5]. Quantum
key distribution (QKD) protocols, the art of establishing
secret communication between honest parties at a dis-
tance, have been also demonstrated. Toward real-world
applications, it is significant that the protocols can deal
with potentially existing, uncontrollable, and unknown
sources of noise on quantum states during the transmis-
sion, e.g., the weather conditions, atmospheric effects,
and so on [6–9]. It is crucial to maintain not too high
quantum-bit-error-rates (QBERs), since the error-rate is
a single parameter from which two honest parties can
estimate the intervention of an eavesdropper and sub-
sequently decide if they abort or proceed to secret key
distillation.
From a fundamental point of view, detection events
depend on both states and measurements: not only are
quantum states corrupted by a noisy channel, but also
measurements should be realigned for optimal detection
of events. An optimal measurement that minimizes the
effect of a noisy channel is generally sought. In search of
a measurement for optimal detection, it may be required
to verify the resulting states, for instance, by identifying
a noisy channel.
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From a practical point of view, however, the verifica-
tion of resulting states after an unknown channel requires
a significant amount of experimental resources. More-
over, sources of noise may change over time and also
depend on location. This also implies that the verifi-
cation may have to be repeated whenever different chan-
nels are introduced. The consequence is that it becomes
practically an infeasible process to revise a measurement
setting for noisy transmission of quantum states. With a
high rate of errors, QKD protocols would fail to establish
secure communication.
It is therefore left to devise a quantum protocol that
builds an optimal measurement for the states sent over
an unknown channel. Notwithstanding the no-go theo-
rems when states are subsequently unknown [10–14], it
has been shown that an optimal measurement can be
preserved when the states before a channel are known
[15]. This is achieved by manipulating unknown quan-
tum channels by local operations and classical communi-
cation, known as the framework of a supermap [16], such
that a measurement in a noiseless scenario is kept ever
optimal in a noisy environment [17].
We here propose a measurement-protected (MP) QKD
protocol that aims to establish secure communication by
keeping a single measurement setting ever optimal in the
distribution of quantum states, without the necessity of
verifying a channel connecting two honest parties. Thus,
an optimal measurement setting prepared in a noiseless
scenario can be re-used as an optimal one in a noisy en-
vironment. The measurement protection is achieved by
including applications of a few local unitary transforma-
tions before and after the distribution of quantum states,
by which an unknown channel is manipulated to pre-
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2serve an optimal measurement. We show that in doing
so, i) the distinguishability of quantum states can be en-
hanced, meaning that quantum states can be distributed
over even longer distances, ii) a measurement prepared
from the beginning would remain ever optimal, so that
the verification of a channel is thus unnecessary, and iii)
QBERs can be made lower, so that a higher error rate
from an unknown channel can be tolerated for secret key
distillation, e.g., up to 20.7% in the Bennett-Brassard
1984 (BB84) protocol. We present proof-of-principle ex-
perimental demonstrations with photonic qubits. It is
experimentally shown that by MP protocols, quantum
states can be better distinguished over a distance and
QBER can be made even lower.
We begin by describing a prepare-and-measure (P&M)
protocol of two honest parties called Alice and Bob, with
an example of the BB84 protocol [18]. We suppose that
Alice prepares quantum states and sends them to Bob.
For instance, the four states
S4 = {|0〉, |1〉, |+〉, |−〉} (1)
where |±〉 = (|0〉 ± |1〉)/√2, are exploited in the BB84
protocol. Bob applies a measurement with POVM ele-
ments M4 = {M0,M1,M+,M−} where Mk = |k〉〈k| for
k = 0, 1,+,−. The BB84 scenario in which Alice chooses
one of the sets {|0〉, |1〉} or {|+〉, |−〉} is equivalent to that
of minimum-error discrimination of the four states [19].
The measurement outcomes are sifted by public discus-
sions between Alice and Bob, e.g., in the BB84 protocol,
the bases used in the preparation and the measurement
are announced. The classical post-processing proceeds to
distilling secret bits with one-way information reconcili-
ation and privacy amplification, see e.g., [20].
P&M protocols can be equivalently analyzed in the
entanglement-based picture as follows [21]. Instead of
the preparation of quantum states, Alice firstly generates
maximally entangled states |φ1〉 = (|00〉+ |11〉)/
√
2, then
measures qubits in the first half, and sends the others to
Bob through a channel. The analysis to obtain general
security has shown that one can safely restrict to the case
where two honest parties share symmetric states [20, 22,
23]. Then, a shared state on a single-copy level is given
by a Bell-diagonal state ρAB = (id⊗Np)[|φ1〉〈φ1|] where
a Pauli channel is denoted by
Np[ρ] = p0ρ+ pxXρX + pyY ρY + pzZρZ (2)
with a probability vector p = [p0, px, py, pz] and Pauli
matrices X, Y , and Z. In particular, a depolarization
channel is obtained when px = py = pz. Since a state
sent by Alice is noisy by a channel Np, Bob has to update
his measurement accordingly for optimal detection.
MP QKD protocols incorporate the measurement pro-
tection to the stage of distributing quantum states. This
aims to keep Bob’s measurement ever optimal for an en-
semble of states even if the states are affected by an un-
known channel. The main idea for the measurement pro-
tection is to manipulate a channel Np by a supermap
S˜ : Np 7→ S˜Np: for an ensemble S, a set of unitaries
V = {Vj} is applied as follows,
S˜Np[ρ] := 1|V|
∑
Vj∈V
V †j Np[VjρV †j ]Vj (3)
for a state ρ ∈ S, such that the map S˜Np corresponds to
a depolarization channel,
Dη[ρ] = (1− η)ρ+ η I
2
, where η =
4
3
(1− p0). (4)
Consequently, regardless of what channels exist between
Alice and Bob, it suffices to deal with depolarization noise
in Eq. (4), over which it has been shown that an optimal
measurement for the ensemble S is preserved [15, 17].
The verification of a channel has been circumvented. In
practice, the protocol in Eq. (3) can be realized by Alice
randomly applying Vj ∈ V to a state and announcing to
Bob her choice j, so that he can also apply V †j ∈ V before
his measurement.
The transformation of channels in Eqs. (3) and (4) for
an arbitrary set of states can be achieved by a unitary
2-design [24]. In general, a unitary 2-design has a cardi-
nality O(d4) for d-dimensional systems. For instance, for
qubit channels there are 12 unitaries that realize twirling,
which are also conjectured to be minimal [25]. By spec-
ifying an ensemble of states, the set of unitaries that
achieve the transformation in Eqs. (3) and (4) can be
further simplified. In the case of Pauli channels for qubit
states, it holds that three unitaries which form a subset
of the unitary 2-design with the 12 elements can gener-
ally construct the supermap in Eq. (3). Note that the
12 elements denoted by {Ui}12i=1 are given by,
U1 = I, U2 = iX, U3 = iY, U4 = iZ (5)
U5 =
1
2
[
1− i −1− i
1− i 1 + i
]
, U6 =
1
2
[
1 + i 1− i
−1− i 1− i
]
U7 =
1
2
[
1 + i −1 + i
1 + i 1− i
]
, U8 =
1
2
[
1− i 1 + i
−1 + i 1 + i
]
U9 =
1
2
[ −1− i −1− i
1− i −1 + i
]
, U10 =
1
2
[ −1 + i 1− i
−1− i −1− i
]
U11 =
1
2
[ −1 + i −1 + i
1 + i −1− i
]
, U12 =
1
2
[ −1− i 1 + i
−1 + i −1 + i
]
.
Though not being unique the three elements can be
chosen as {U, V,W} with U ∈ {U1, U2, U3, U4}, V ∈
{U5, U6, U7, U8}, and W ∈ {U9, U10, U11, U12}. Thus,
compared to standard P&M QKD protocols, the mea-
surement protection only requires applications of few
unitary transformations before and after distributing
quantum states, which we call quantum pre- and post-
processing, respectively.
An experimental setup to realize an MP BB84 pro-
tocol with polarization encodings on photonic qubits is
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FIG. 1. An experimental setup of the MP BB84 protocols is shown in (A). States in the set S4 are generated by polarizing
beam splitters (PBS) and a beam splitter (BS). As a quantum pre-processing, local unitaries {I, U, V } prepared by a set of half
(HWP) and quarter (QWP) wave-plates are randomly applied. After a Pauli channel, see Eq. (2), a channel loss is simulated
by a neutral density (ND) filter. The quantum post-processing is performed with the inverse of the unitary transformations.
With the setup, QBERs of the BB84 protocol over the channel in Eq. (6) are experimentally estimated in (B) and (C) for
p = 0.05 and p = 0.1, respectively. The MP BB84 protocol has a lower value of QBER than the standard one. The channel
loss due to transmission over a long distance is simulated by ND filter from 10dB to 30dB. QBERs can be suppressed by the
measurement protection.
shown in (A) in Fig. 1. In (B) and (C), it is experimen-
tally demonstrated that a QBER can be made smaller by
the measurement protection. The detailed information of
the experiment is as follows. Four different polarization
states in S4, i.e., |0〉 = |H〉, |1〉 = |V 〉, |+〉 = |D〉 and
|−〉 = |A〉 where H and V (D and A) are from the linear
(diagonal) polarization, are generated with four vertical-
cavity surface-emitting lasers. Photon pulses are attenu-
ated with the mean photon number 0.1 at a clock rate of
100 MHz. Unitary transformations for the quantum pre-
and post- processing are realized by a set of wave-plates.
Pauli channels can be implemented by using half-wave
plates. Then, the distribution of the states over a long-
distance is simulated by ND filters, see (A) in Fig. 1.
QBERs for the channel in Eq. (6) are estimated. Photon
detection is performed with a Silicon-Avalanche Photo-
diode based four-channel single photon detector where
the dark count rate is lower than 500 counts/s per chan-
nel and the detection efficiency is about 50%. The loss
during a measurement is measured about 8 dB includ-
ing optics insertion loss, coupling loss, sifting loss, and
detection loss.
Apart from applications to cryptographic protocols,
the measurement protection can be also used to amplify
distinguishability of quantum states over a noisy channel.
As an example, a measurement {|0〉〈0|, |1〉〈1|} is optimal
for a pair of distinguishable states S2 = {|0〉, |1〉} ⊂ S4.
Suppose that the states are sent through a Pauli channel
E [ρ] = (1− p)ρ+ pY ρY, for p ∈ [0, 1/2]. (6)
Let p(E)guess denote the guessing probability with the chan-
nel E , the highest success probability by minimizing the
average error. From the Helstrom bound [26] (see reviews
[27–29]), the guessing probabilities with and without the
measurement protection, respectively, can be found as
p(E)guess =
1
2
+
1− 2p
2
and p(S˜E)guess =
1
2
+
3− 4p
6
. (7)
Clearly, it holds that p(S˜E)guess > p
(E)
guess. In particular,
for the channel with p = 1/2 the resulting states be-
come identical and thus completely indistinguishable i.e.
p
(E)
guess = 1/2. The measurement protection makes it
possible to distinguish the states better than random,
p
(S˜E)
guess = 2/3. In Fig. 2, an experimental demonstra-
tion is presented, which shows that distinguishability of
quantum states can be amplified by an MP protocol. The
experimental setup in Fig. 1 is exploited for pairs of or-
thogonal states {|0〉, |1〉} and {|+〉, |−〉} with linear and
diagonal polarizations.
For a pair of non-orthogonal states S0+ = {|0〉, |+〉}
that can be used in the Bennett 1992 protocol [21],
the guessing probability is given by 1/2 + 1/(2
√
2) with
the optimal measurement M0+ = {|m0〉〈m0|, |m+〉〈m+|}
where |m0〉 = cos(pi/8)|0〉 − sin(pi/8)|1〉 and |m+〉 =
cos(3pi/8)|0〉 + sin(3pi/8)|1〉. For a Pauli channel in Eq.
(6), one can compute the guessing probabilities for cases
with and without the measurement protection, respec-
tively,
p(E)guess =
1
2
+
1− 2p
2
√
2
and p(S˜E)guess =
1
2
+
3− 4p
6
√
2
. (8)
Note that the guessing probability p(S˜E)guess is obtained from
the measurement M0+ which has been used for the en-
semble S0+ = {|0〉, |+〉}. The other one p(E)guess can be at-
tained by a different optimal measurement. This shows
that an optimal measurement is protected from a noisy
channel. It is also found that the guessing probability is
enhanced, i.e., p(S˜E)guess > p
(E)
guess for all p ∈ [0, 1/2]. From a
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FIG. 2. The guessing probabilities for ensembles of orthog-
onal states {|H〉, |V 〉} and {|D〉, |A〉} over the channel in Eq.
(6) are shown. Solid lines are from Eq. (7) and dots are ex-
perimental data, see Fig. 1. In all cases, two honest parties
can achieve better distinguishability of quantum states over
a quantum channel by using MP protocols.
cryptographic point of view, the higher the distinguisha-
bility the lesser the error, meaning that a QBER can
be made lower by which the security condition may be
improved.
We now derive the security condition for MP QKD
protocols. The security analysis of P&M QKD protocols
can be equivalently performed in the entanglement-based
picture. Thereby, as it has been explained, two honest
parties share a Bell-diagonal state on a single-copy level
[20, 22, 23],
ρ
(Np)
AB = p0|φ1〉〈φ1|+ pz|φ2〉〈φ2|+ px|φ3〉〈φ3|+ py|φ4〉〈φ4|
where |φ2〉 = (|00〉 − |11〉)/
√
2, |φ3〉 = (|01〉 + |10〉)/
√
2,
and |φ4〉 = (|01〉 − |10〉)/
√
2. From the shared state,
an error rate denoted by Q(Np) in standard P&M QKD
protocols can be computed,
Q(Np) = tr[ρ(Np)AB (|01〉〈01|+ |10〉〈10|)] = px + py. (9)
The BB84 protocol introduces a channel such that mea-
surements in the x- and z-basis are symmetric [18]. By
this constraint, the parameters can be written as follows
p0 = 1− 2Q(Np) + x, px = pz = Q(Np) − x, py = x (10)
where a free parameter x is chosen to minimize the se-
cret key rate. Note that the channel is supposed to
be under an eavesdropper’s control [30]. The parame-
ter also depends on the secret key agreement protocol
that two honest parties apply. It has been found that
x = (Q(Np))2 when two honest parties apply one-way in-
formation reconciliation and privacy amplification [30],
and x = 0 when the advantage distillation with two-
way communication is incorporated before the one-way
protocol [31, 32]. For the six-state protocol, we have
p0 = 1 − 3Q(Np)/2 and px = py = pz = Q(Np)/2
[30]. This also introduces a depolarization channel which
therefore contains the measurement protection.
With the measurement protection, two honest parties
are connected by a Pauli channel. In the entanglement-
based scheme, the shared state is characterized as
ρ
(S˜Np)
AB = (1− η)|φ1〉〈φ1|+
η
4
I, with η =
4(1− p0)
3
.(11)
The error rate is also transformed accordingly as follows,
Q(Np) 7→ Q(S˜Np) = 2
3
(Q(Np) + pz). (12)
From Eqs. (9) and (12), QBERs can be made lower,
i.e., Q(S˜Np) < Q(Np), by the measurement protection
for channels satisfying p0 < 1 − 3pz. For instance, for
channels with pz = 0 the measurement protection can
always make the error-rate lower.
After distributing quantum states, two honest parties
can apply one-way communication protocols to distill a
secret key. Against general attacks, the critical values of
QBERs have been found as 11% in the BB84 protocol
[33] and 12.7% in the six-state protocol [34]. These can
be improved by the pre-processing in the preparation of
states, up to 12.4% and 14.1% in the BB84 and six-state
protocols, respectively [20, 22, 23]. Thus, an MP QKD
protocol can tolerate QBERs up to Q(S˜Np) < 12.7%
and Q(S˜Np) < 14.1% without and with the classical pre-
processing, respectively. In Eq. (12), it is shown how
QBERs are also manipulated by the measurement pro-
tection. For the MP BB84 protocol with one-way secret
key distillation, we have the relation as follows,
Q(Np) = 1−
√
1− 3Q(S˜Np)/2 (13)
with the optimal parameter x = (Q(Np))2. Then, the
MP BB84 protocol can tolerate error rates up to Q(Np) =
10% and Q(Np) = 11.2% without and with the classical
pre-processing, respectively. It is shown that the cost to
pay for protecting a measurement without the verifica-
tion of a channel is to have a little lower key rate and
subsequently slightly lower values of critical QBERs for
QKD protocols.
The security conditions can be improved in the key
agreement scenario with two-way communication of the
advantage distillation [35], followed by one-way commu-
nication of information reconciliation and privacy am-
plification. Higher error-rates can be tolerated by post-
selection on sifted bits by applying a two-way communi-
cation protocol beforehand. The advantage distillation
works as follows. Given the sifted bits (m(A)i ,m
(B)
i )
n
i=1,
the advantage distillation begins by Alice’s generating a
secret bit sA and chooses a block of k bits. She computes
ai = sA ⊕m(A)i for the blocks and announces the result-
ing values (ai)mi=1 to Bob publicly, who then computes
bi = ai ⊕ m(B)i on his side. Bob accepts the k-block
510%
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12.4%
<latexit sha1_base64="+E2zDLmkG2YHO0zlkoMseb3ZaT8=">AAAB7XicbVBNSwMx EJ2tX7V+VT16CZaCp2W3FOqx6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1PY2t7Z3Svulw4Oj45PyqdnHS1TRWibSC5VL8SaciZo2zDD aS9RFMchp91wervwu09UaSbFg5klNIjxWLCIEWys1PFrbn1QHZYrnustgTaJn5MK5GgNy1+DkSRpTIUhHGvd973EBBlWhhFO56VBqmmCyRSPad9SgWOqg2x57RxVrTJCkVS2hEF L9fdEhmOtZ3FoO2NsJnrdW4j/ef3URNdBxkSSGirIalGUcmQkWryORkxRYvjMEkwUs7ciMsEKE2MDKtkQ/PWXN0mn5vqe69/XK82bPI4iXMAlXIEPDWjCHbSgDQQe4Rle4c2Rzov z7nysWgtOPnMOf+B8/gDaIo38</latexit><latexit sha1_base64="+E2zDLmkG2YHO0zlkoMseb3ZaT8=">AAAB7XicbVBNSwMx EJ2tX7V+VT16CZaCp2W3FOqx6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1PY2t7Z3Svulw4Oj45PyqdnHS1TRWibSC5VL8SaciZo2zDD aS9RFMchp91wervwu09UaSbFg5klNIjxWLCIEWys1PFrbn1QHZYrnustgTaJn5MK5GgNy1+DkSRpTIUhHGvd973EBBlWhhFO56VBqmmCyRSPad9SgWOqg2x57RxVrTJCkVS2hEF L9fdEhmOtZ3FoO2NsJnrdW4j/ef3URNdBxkSSGirIalGUcmQkWryORkxRYvjMEkwUs7ciMsEKE2MDKtkQ/PWXN0mn5vqe69/XK82bPI4iXMAlXIEPDWjCHbSgDQQe4Rle4c2Rzov z7nysWgtOPnMOf+B8/gDaIo38</latexit><latexit sha1_base64="+E2zDLmkG2YHO0zlkoMseb3ZaT8=">AAAB7XicbVBNSwMx EJ2tX7V+VT16CZaCp2W3FOqx6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1PY2t7Z3Svulw4Oj45PyqdnHS1TRWibSC5VL8SaciZo2zDD aS9RFMchp91wervwu09UaSbFg5klNIjxWLCIEWys1PFrbn1QHZYrnustgTaJn5MK5GgNy1+DkSRpTIUhHGvd973EBBlWhhFO56VBqmmCyRSPad9SgWOqg2x57RxVrTJCkVS2hEF L9fdEhmOtZ3FoO2NsJnrdW4j/ef3URNdBxkSSGirIalGUcmQkWryORkxRYvjMEkwUs7ciMsEKE2MDKtkQ/PWXN0mn5vqe69/XK82bPI4iXMAlXIEPDWjCHbSgDQQe4Rle4c2Rzov z7nysWgtOPnMOf+B8/gDaIo38</latexit><latexit sha1_base64="+E2zDLmkG2YHO0zlkoMseb3ZaT8=">AAAB7XicbVBNSwMx EJ2tX7V+VT16CZaCp2W3FOqx6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1PY2t7Z3Svulw4Oj45PyqdnHS1TRWibSC5VL8SaciZo2zDD aS9RFMchp91wervwu09UaSbFg5klNIjxWLCIEWys1PFrbn1QHZYrnustgTaJn5MK5GgNy1+DkSRpTIUhHGvd973EBBlWhhFO56VBqmmCyRSPad9SgWOqg2x57RxVrTJCkVS2hEF L9fdEhmOtZ3FoO2NsJnrdW4j/ef3URNdBxkSSGirIalGUcmQkWryORkxRYvjMEkwUs7ciMsEKE2MDKtkQ/PWXN0mn5vqe69/XK82bPI4iXMAlXIEPDWjCHbSgDQQe4Rle4c2Rzov z7nysWgtOPnMOf+B8/gDaIo38</latexit>
20%
<latexit sha1_base64="JLtKWTROjzVTXnRUOW6RTI/qelM=">AAAB63icbVBNSwMxEJ2tX 7V+VT16CZaCp5Itgh6LXjxWsK3QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLG5tb2Tnm3srd/cHhUPT7pmjjVlHVoLGL9GBLDBFesY7kV7DHRjMhQsF44v c393hPThsfqwc4SFkgyVjzilNhcauJBfVit4QZeAK0TvyA1KNAeVr8Go5imkilLBTGm7+PEBhnRllPB5pVBalhC6JSMWd9RRSQzQba4dY7qThmhKNaulEUL9fdERqQxMxm6TknsxKx6ufif1 09tdB1kXCWpZYouF0WpQDZG+eNoxDWjVswcIVRzdyuiE6IJtS6eigvBX315nXSbDR83/PvLWuumiKMMZ3AOF+DDFbTgDtrQAQoTeIZXePOk9+K9ex/L1pJXzJzCH3ifP/h4jYU=</latexit ><latexit sha1_base64="JLtKWTROjzVTXnRUOW6RTI/qelM=">AAAB63icbVBNSwMxEJ2tX 7V+VT16CZaCp5Itgh6LXjxWsK3QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLG5tb2Tnm3srd/cHhUPT7pmjjVlHVoLGL9GBLDBFesY7kV7DHRjMhQsF44v c393hPThsfqwc4SFkgyVjzilNhcauJBfVit4QZeAK0TvyA1KNAeVr8Go5imkilLBTGm7+PEBhnRllPB5pVBalhC6JSMWd9RRSQzQba4dY7qThmhKNaulEUL9fdERqQxMxm6TknsxKx6ufif1 09tdB1kXCWpZYouF0WpQDZG+eNoxDWjVswcIVRzdyuiE6IJtS6eigvBX315nXSbDR83/PvLWuumiKMMZ3AOF+DDFbTgDtrQAQoTeIZXePOk9+K9ex/L1pJXzJzCH3ifP/h4jYU=</latexit ><latexit sha1_base64="JLtKWTROjzVTXnRUOW6RTI/qelM=">AAAB63icbVBNSwMxEJ2tX 7V+VT16CZaCp5Itgh6LXjxWsK3QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLG5tb2Tnm3srd/cHhUPT7pmjjVlHVoLGL9GBLDBFesY7kV7DHRjMhQsF44v c393hPThsfqwc4SFkgyVjzilNhcauJBfVit4QZeAK0TvyA1KNAeVr8Go5imkilLBTGm7+PEBhnRllPB5pVBalhC6JSMWd9RRSQzQba4dY7qThmhKNaulEUL9fdERqQxMxm6TknsxKx6ufif1 09tdB1kXCWpZYouF0WpQDZG+eNoxDWjVswcIVRzdyuiE6IJtS6eigvBX315nXSbDR83/PvLWuumiKMMZ3AOF+DDFbTgDtrQAQoTeIZXePOk9+K9ex/L1pJXzJzCH3ifP/h4jYU=</latexit ><latexit sha1_base64="JLtKWTROjzVTXnRUOW6RTI/qelM=">AAAB63icbVBNSwMxEJ2tX 7V+VT16CZaCp5Itgh6LXjxWsK3QLiWbZtvQJLskWaEs/QtePCji1T/kzX9jtt2Dtj4YeLw3w8y8MBHcWIy/vdLG5tb2Tnm3srd/cHhUPT7pmjjVlHVoLGL9GBLDBFesY7kV7DHRjMhQsF44v c393hPThsfqwc4SFkgyVjzilNhcauJBfVit4QZeAK0TvyA1KNAeVr8Go5imkilLBTGm7+PEBhnRllPB5pVBalhC6JSMWd9RRSQzQba4dY7qThmhKNaulEUL9fdERqQxMxm6TknsxKx6ufif1 09tdB1kXCWpZYouF0WpQDZG+eNoxDWjVswcIVRzdyuiE6IJtS6eigvBX315nXSbDR83/PvLWuumiKMMZ3AOF+DDFbTgDtrQAQoTeIZXePOk9+K9ex/L1pJXzJzCH3ifP/h4jYU=</latexit >
0%
<latexit sha1_base64= "/2bnCO7dYpqyW8q9D0VDESiR59Y=">AAAB6nicb VBNS8NAEJ3Ur1q/qh69LJaCp5KIUI9FLx4r2g9oQ 9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeL w3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNn GqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54l rI2L1iNOE+xEdKREKRtFKD26/OihX3Jq7AFknXk4 qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anh C2YSOeM9SRSNu/Gxx6oxUrTIkYaxtKSQL9fdERiNj plFgOyOKY7PqzcX/vF6K4bWfCZWkyBVbLgpTSTAm 87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtqX Nc+tefdXlcZNHkcRzuAcLsCDOjTgDprQAgYjeIZXe HOk8+K8Ox/L1oKTz5zCHzifP4cyjUk=</latexit ><latexit sha1_base64= "/2bnCO7dYpqyW8q9D0VDESiR59Y=">AAAB6nicb VBNS8NAEJ3Ur1q/qh69LJaCp5KIUI9FLx4r2g9oQ 9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeL w3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNn GqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54l rI2L1iNOE+xEdKREKRtFKD26/OihX3Jq7AFknXk4 qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anh C2YSOeM9SRSNu/Gxx6oxUrTIkYaxtKSQL9fdERiNj plFgOyOKY7PqzcX/vF6K4bWfCZWkyBVbLgpTSTAm 87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtqX Nc+tefdXlcZNHkcRzuAcLsCDOjTgDprQAgYjeIZXe HOk8+K8Ox/L1oKTz5zCHzifP4cyjUk=</latexit ><latexit sha1_base64= "/2bnCO7dYpqyW8q9D0VDESiR59Y=">AAAB6nicb VBNS8NAEJ3Ur1q/qh69LJaCp5KIUI9FLx4r2g9oQ 9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeL w3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNn GqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54l rI2L1iNOE+xEdKREKRtFKD26/OihX3Jq7AFknXk4 qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anh C2YSOeM9SRSNu/Gxx6oxUrTIkYaxtKSQL9fdERiNj plFgOyOKY7PqzcX/vF6K4bWfCZWkyBVbLgpTSTAm 87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtqX Nc+tefdXlcZNHkcRzuAcLsCDOjTgDprQAgYjeIZXe HOk8+K8Ox/L1oKTz5zCHzifP4cyjUk=</latexit ><latexit sha1_base64= "/2bnCO7dYpqyW8q9D0VDESiR59Y=">AAAB6nicb VBNS8NAEJ3Ur1q/qh69LJaCp5KIUI9FLx4r2g9oQ 9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeL w3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNn GqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54l rI2L1iNOE+xEdKREKRtFKD26/OihX3Jq7AFknXk4 qkKM5KH/1hzFLI66QSWpMz3MT9DOqUTDJZ6V+anh C2YSOeM9SRSNu/Gxx6oxUrTIkYaxtKSQL9fdERiNj plFgOyOKY7PqzcX/vF6K4bWfCZWkyBVbLgpTSTAm 87/JUGjOUE4toUwLeythY6opQ5tOyYbgrb68TtqX Nc+tefdXlcZNHkcRzuAcLsCDOjTgDprQAgYjeIZXe HOk8+K8Ox/L1oKTz5zCHzifP4cyjUk=</latexit >
20.7%
<latexit sha1_base64="+Is0laSlgDd1zw8tQV96jJ6G7Kw=">AAAB7XicbVBNSwMxEJ2t X7V+VT16CZaCp2W3CO2x6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1PY2t7Z3Svulw4Oj45PyqdnHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp9 1wervwu09UaSbFg5klNIjxWLCIEWys1Kl5bn1QHZYrnustgTaJn5MK5GgNy1+DkSRpTIUhHGvd973EBBlWhhFO56VBqmmCyRSPad9SgWOqg2x57RxVrTJCkVS2hEFL9fdEhmOtZ3FoO2Ns JnrdW4j/ef3URI0gYyJJDRVktShKOTISLV5HI6YoMXxmCSaK2VsRmWCFibEBlWwI/vrLm6RTc33P9e+vK82bPI4iXMAlXIEPdWjCHbSgDQQe4Rle4c2Rzovz7nysWgtOPnMOf+B8/gDdLY 3+</latexit><latexit sha1_base64="+Is0laSlgDd1zw8tQV96jJ6G7Kw=">AAAB7XicbVBNSwMxEJ2t X7V+VT16CZaCp2W3CO2x6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1PY2t7Z3Svulw4Oj45PyqdnHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp9 1wervwu09UaSbFg5klNIjxWLCIEWys1Kl5bn1QHZYrnustgTaJn5MK5GgNy1+DkSRpTIUhHGvd973EBBlWhhFO56VBqmmCyRSPad9SgWOqg2x57RxVrTJCkVS2hEFL9fdEhmOtZ3FoO2Ns JnrdW4j/ef3URI0gYyJJDRVktShKOTISLV5HI6YoMXxmCSaK2VsRmWCFibEBlWwI/vrLm6RTc33P9e+vK82bPI4iXMAlXIEPdWjCHbSgDQQe4Rle4c2Rzovz7nysWgtOPnMOf+B8/gDdLY 3+</latexit><latexit sha1_base64="+Is0laSlgDd1zw8tQV96jJ6G7Kw=">AAAB7XicbVBNSwMxEJ2t X7V+VT16CZaCp2W3CO2x6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1PY2t7Z3Svulw4Oj45PyqdnHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp9 1wervwu09UaSbFg5klNIjxWLCIEWys1Kl5bn1QHZYrnustgTaJn5MK5GgNy1+DkSRpTIUhHGvd973EBBlWhhFO56VBqmmCyRSPad9SgWOqg2x57RxVrTJCkVS2hEFL9fdEhmOtZ3FoO2Ns JnrdW4j/ef3URI0gYyJJDRVktShKOTISLV5HI6YoMXxmCSaK2VsRmWCFibEBlWwI/vrLm6RTc33P9e+vK82bPI4iXMAlXIEPdWjCHbSgDQQe4Rle4c2Rzovz7nysWgtOPnMOf+B8/gDdLY 3+</latexit><latexit sha1_base64="+Is0laSlgDd1zw8tQV96jJ6G7Kw=">AAAB7XicbVBNSwMxEJ2t X7V+VT16CZaCp2W3CO2x6MVjBfsB7VKyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2njet1PY2t7Z3Svulw4Oj45PyqdnHS1TRWibSC5VL8SaciZo2zDDaS9RFMchp9 1wervwu09UaSbFg5klNIjxWLCIEWys1Kl5bn1QHZYrnustgTaJn5MK5GgNy1+DkSRpTIUhHGvd973EBBlWhhFO56VBqmmCyRSPad9SgWOqg2x57RxVrTJCkVS2hEFL9fdEhmOtZ3FoO2Ns JnrdW4j/ef3URI0gYyJJDRVktShKOTISLV5HI6YoMXxmCSaK2VsRmWCFibEBlWwI/vrLm6RTc33P9e+vK82bPI4iXMAlXIEPdWjCHbSgDQQe4Rle4c2Rzovz7nysWgtOPnMOf+B8/gDdLY 3+</latexit>
25%
<latexit sha1_base64="j3Z9qP3SLrue3W5yGFCtBagFoMA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LJaCp5IURY9FLx4r2A9oQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvh pl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf5vSeqNIvko5nH1Bd4IlnICDaZ1Lwa1kfVmttwc6B14hWkBgXao+rXcByRRFBpCMdaDzw3Nn6KlWGE00VlmGgaYzLDEzqwVGJBtZ/mty5Q3SpjFEbKljQoV39PpFhoPReB7RTYTPWql4n/eYPEhDd+ymScGCrJclGYcGQilD2OxkxRYvjcEkwUs7ciMsUKE2PjqdgQvNWX10m32fDchvdwW WvdFnGU4QzO4QI8uIYW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wcAJY2K</latexit><latexit sha1_base64="j3Z9qP3SLrue3W5yGFCtBagFoMA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LJaCp5IURY9FLx4r2A9oQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvh pl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf5vSeqNIvko5nH1Bd4IlnICDaZ1Lwa1kfVmttwc6B14hWkBgXao+rXcByRRFBpCMdaDzw3Nn6KlWGE00VlmGgaYzLDEzqwVGJBtZ/mty5Q3SpjFEbKljQoV39PpFhoPReB7RTYTPWql4n/eYPEhDd+ymScGCrJclGYcGQilD2OxkxRYvjcEkwUs7ciMsUKE2PjqdgQvNWX10m32fDchvdwW WvdFnGU4QzO4QI8uIYW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wcAJY2K</latexit><latexit sha1_base64="j3Z9qP3SLrue3W5yGFCtBagFoMA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LJaCp5IURY9FLx4r2A9oQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvh pl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf5vSeqNIvko5nH1Bd4IlnICDaZ1Lwa1kfVmttwc6B14hWkBgXao+rXcByRRFBpCMdaDzw3Nn6KlWGE00VlmGgaYzLDEzqwVGJBtZ/mty5Q3SpjFEbKljQoV39PpFhoPReB7RTYTPWql4n/eYPEhDd+ymScGCrJclGYcGQilD2OxkxRYvjcEkwUs7ciMsUKE2PjqdgQvNWX10m32fDchvdwW WvdFnGU4QzO4QI8uIYW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wcAJY2K</latexit><latexit sha1_base64="j3Z9qP3SLrue3W5yGFCtBagFoMA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LJaCp5IURY9FLx4r2A9oQ9lsN+3S3U3Y3Qgl9C948aCIV/+QN/+NmzQHbX0w8Hhvh pl5QcyZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV0eJIrRDIh6pfoA15UzSjmGG036sKBYBp71gdpf5vSeqNIvko5nH1Bd4IlnICDaZ1Lwa1kfVmttwc6B14hWkBgXao+rXcByRRFBpCMdaDzw3Nn6KlWGE00VlmGgaYzLDEzqwVGJBtZ/mty5Q3SpjFEbKljQoV39PpFhoPReB7RTYTPWql4n/eYPEhDd+ymScGCrJclGYcGQilD2OxkxRYvjcEkwUs7ciMsUKE2PjqdgQvNWX10m32fDchvdwW WvdFnGU4QzO4QI8uIYW3EMbOkBgCs/wCm+OcF6cd+dj2VpyiplT+APn8wcAJY2K</latexit>
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FIG. 3. Security bounds in the BB84 protocol are compared.
In the standard BB84 protocol with one-way key distillation,
secret key can be distilled for Q(Np) < 11%. By the clas-
sical pre-processing (C.P.), it is improved up to 12.4%. Af-
ter the measurement protection with quantum pre- and post-
processing (Q.P.), the bounds are 10% and 11.2% without
and with the classical pre-processing. When the advantage
distillation protocol is incorporated, the bound is given by
20% that is improved to 20.7% by quantum pre- and post-
processing. The upper bound is 25% which is from the entan-
glement condition (ENT). No secret key can be distilled from
separable states.
(bi)
m
i=1 only when the block contains the same values,
i.e., when b1 = · · · = bk. Finally, Bob announces to Al-
ice publicly if he accepts or discards the block. For the
post-selected bits, two honest parties proceed to one-way
information reconciliation and privacy amplification.
Against general attacks, the security condition has
been obtained [31, 32] : the secret key rate is positive, i.e.,
there exists a block size k such that secret bits can be dis-
tilled from a shared channel Np, by the aforementioned
key agreement protocol whenever the channel satisfies the
condition (p0− pz)2 > (p0+ pz)(px+ py). Note also that
the security condition can be obtained by the undistill-
ability constraint that symmetric extensions of quantum
states do not allow a positive key rate [36]. Applying
the condition to MP QKD protocols, we find that from
Eqs. (11) ad (12), secret key can be distilled whenever
the following is satisfied,
p0 >
5 + 3
√
5
20
, or equivalently Q(S˜Np) < 27.6%.(14)
Note that the shared state in Eq. (11) is entangled for
Q(S˜Np) < 33.3%, in which there exists a measurement
of Alice and Bob such that secret correlations exist in
a joint distribution [37]. For the BB84 protocol with
two-way key distillation, we recall that the optimal pa-
rameter is given by x = 0 in Eq. (10) [31, 32]. By the
measurement protection, the QBER is transformed as,
Q(S˜Np) = 4Q(Np)/3. From the condition in Eq. (14), it
is straightforward to see that secret key can be distilled
whenever Q(Np) < 20.7%, that shows an improvement
over the existing bound 20% [31]. Note that the shared
state is entangled for Q(Np) < 25% in which two honest
parties can still share secret correlations by a measure-
ment [37].
In the measurement protection, the quantum pre- and
post-processing by the application of unitaries play a key
role. Although one may find that random applications of
the unitaries cause addition of noise to quantum states, it
turns out that they can in fact improve distinguishability
of states and the security of P&M QKD protocols. This
shares some similarities to the classical pre-processing,
which also adds classical noise with some probability but
has improved the one-way secret key rate [20, 22]. In
the BB84 protocol, the classical pre-processing improves
the critical QBERs up to 12.4% [20, 22, 23] over the
previous one 11% [33] . When two-way communication
is included in the key distillation protocol, the security
bound is found to be 20% [31, 38], which is then improved
to 20.7% by the quantum pre- and post-processing. It is
found that the quantum pre- and post-processing makes
two honest parties symmetric in the distribution of quan-
tum states, see Eq. (4). In this way, a QBER of asym-
metric channels may be made even lower so that it can
be tolerated in secret key distillation. In particular, this
turns out to be well-fitted to the two-way distillation pro-
tocol where two parties are symmetric after the advan-
tage distillation. The classical pre-processing makes a
channel of two honest parties even more asymmetric. In
this way, two honest parties may have a higher error rate
in general but an eavesdropper may get even less infor-
mation, so that the one-way key rate is improved and
higher values of a QBER are tolerated. In addition, we
have found that the quantum pre- and post-processing
does not improve the one-way secret key rate, e.g. 10%
in the MP BB84 protocol. Note also that the classical
pre-processing fails to improve the two-way secret key
rate [31].
In conclusion, we have presented MP QKD protocols
that deal with uncontrollable unknown sources of noise
in the alignment of a measurement setting of a receiver
when quantum states are distributed over a long distance.
The advantages are twofold. Firstly, the verification of a
channel during the transmission is in fact circumvented.
This saves a significant amount of experiment resources
and makes QKD protocols more feasible in real-world ap-
plications. An optimal measurement prepared for an en-
semble of states would be ever optimal even if the states
are sent over a noisy channel. Secondly, the measure-
ment protection can improve the security condition of
QKD protocols. The cost to realize the measurement
protection amounts to implementation of a few local uni-
taries before and after the transmission. All of our results
are supported by experimental demonstrations: QBERs
can be made lower and quantum states can be better
discriminated by the measurement protection.
Our results show that the scheme of measurement pro-
tection makes P&M QKD protocols more feasible in real-
world applications. Importantly, a noisy channel does not
have to be verified at all for optimal detection of noisy
and unknown resulting states. It suffices to estimate the
error rate only. As a byproduct, distinguishability can
be improved so that quantum communication can be es-
tablished at an even longer distance, and also an error
6rate can be made even lower such that a QKD protocol
is more resilient to noise. To improve the level of secu-
rity further, it would be interesting to investigate what
assumptions can be relaxed in MP QKD protocols, sim-
ilarly to device-independent [39] or measurement-device-
independent [40] scenarios. Our results have shown that
the BB84 protocol can tolerate an error rate of up to
20.7%. Note, however, that the upper bound is 25% over
which no secret key can be distilled. It remains an open
question whether quantum correlations in the gap can be
used to distill a secret key or not.
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